We present an ab initio study of the electronic structure and of the formation energies of various point defects in BaSnO 3 and SrGeO 3 . We show that La and Y impurities substituting Ba or Sr are shallow donors with a preferred 1+ charge state. These defects have a low formation energy within all the suitable equilibrium growth conditions considered. Oxygen vacancies behave as shallow donors as well, preferring the 2+ charge state. Their formation energies, however, are higher in most growth conditions, indicating a limited contribution to conductivity. The calculated electron effective mass in BaSnO 3 , with a value of 0.21 m e , and the very high mobility reported recently in La-doped BaSnO 3 single-crystals, suggest that remarkably low scattering rates can be achieved in the latter. In the case of SrGeO 3 , our results point to carrier density and mobility values in the low range for typical polycrystalline TCOs, in line with experiment.
Introduction
Currently, one of the main research topics in materials science is that of transparent conducting oxides (TCOs). Interestingly, the subject is actually more than 100 years old. Indeed, according to the literature, the first TCO, an oxidized Cd thin film, was reported by Bädeker in 1907 [1] . But research on the subject has really intensified in the past few decades, as can be judged from recent reviews on the subject [2] [3] [4] . The interest of TCOs stems both from the fundamental characteristics and processes occurring in the underlying systems, and from their widespread application in electronic devices requiring transparent contacts. This interest notwithstanding, the TCOs used in applications are typically based on a relatively small number of wide gap semiconductors, such as In 2 O 3 , SnO 2 , ZnO, and a few others. For reasons of either cost or of requirements of the intended applications, many research efforts in the past several years have turned around finding alternatives to those materials [4, 5] .
Among the novel TCOs recently reported, there are two with the cubic perovskite structure, namely La-doped BaSnO 3 [6] [7] [8] and SrGeO 3 [9] . These materials are interesting not only because of their perovskite structure 1 . Indeed, Ba and Sr are alkaline-earth metals, while most of the proposed ternary compounds proposed for TCOs are all transition metal oxides [10] [11] [12] . Furthermore, most TCOs are ionic compounds, whereas SrGeO 3 is highly covalent [9] . When substitutionally doped with La at the alkali-earth site, both materials become n-type TCOs. Kim et al presented band structure calculations of BaSnO 3 and of La-doped BaSnO 3 based on density-functional theory [8] . Similarly, in the case of SrGeO 3 , band structure, electronic density of states, and absorption spectra calculations were presented by Mizoguchi et al [9] . In both cases the results were of use to discuss the measured optical spectra.
However, several open questions remain that can be addressed theoretically. In [8] the calculations were done with the local-density approximation (LDA) to the exchange-correlation functional. Thus, because of the well known inability of the LDA to properly describe the band gap of semiconductors and insulators, their results cannot be considered conclusive, particularly in the case of the La-doped system, where the LDA can lead to wrongly positioned defect energy levels. In the case of [9] , the calculations were done using the PBE0 exchange-correlation hybrid functional. While this functional does not underestimate band gaps as LDA (or other exchange-correlation density functionals, such as the Perdew-Burke-Ernzerhof functional (PBE)), for small and medium gap semiconductors it may instead significantly overestimate the gap values [13] . In addition, the hypothesis that La behaves like a shallow donor in BaSnO 3 and in SrGeO 3 needs to be supported by calculations of the formation energies of La defects in different charged states.
Here we present a first-principles study of the electronic structure and of defect formation energies in BaSnO 3 and SrGeO 3 . We use the HSE06 hybrid functional in this work. This functional is computationally rather expensive compared to the LDA or PBE functionals. We use it, however, to ensure the correct energy levels of excited states and defect states. Indeed, it does not suffer from the band gap problem and its value in studying defect systems has been shown before [14] [15] [16] . The predicted crystal structure parameters are in good agreement with experiment [8, 9] . The electronic structure we obtain for both compounds studied is in better agreement with experiment than those reported previously [8, 9] . We also present the formation energies of impurities, namely La substituting the alkali-earth metal, as well as Y, which is isovalent with La, but smaller. We consider, in addition, oxygen vacancies, as these can behave as electron donors [17] . We note that formation energies depend in general on growth conditions through the values of the chemical potential of the dopant atoms and of the atomic species in the compound [18] . Moreover, avoiding phase segregation in the growth process limits the range of suitable values of the relevant chemical potentials. Taking this into account we show that La and Y indeed behave like shallow donors when substituting the alkali-earth. Interestingly, we find that oxygen vacancies can also behave as shallow donors in as-grown BaSnO 3 and SrGeO 3 . This is quite in contrast to other well known TCOs, such as ZnO and SnO 2 [19] .
Methods
We perform first-principles calculations using densityfunctional theory (DFT) [20] , using plane wave basis sets and the projector-augmented wave method [21] , as implemented in the Vienna ab initio simulation package [22] [23] [24] . As mentioned above, we use the hybrid HSE06 exchange-correlation functional [25] . A cutoff energy of 500 eV is used for the plane wave basis sets, and total energies were converged to better than 10 −4 eV. Brillouin zone sampling is done using a 9 × 9 × 9 Monkhorst-Pack grid. The defect systems are simulated by 135-atom supercells, consisting of 3 × 3 × 3 primitive cells. In the doped systems, the atomic positions are relaxed with the PBE exchange-correlation functional until the magnitude of residual forces on the atoms are less than 0. At room temperature, BaSnO 3 has cubic perovskite structure (space group 221, Pm3m), with a lattice constant of 4.116Å [8] . Our calculated value is 4.112Å, in excellent agreement with the experimental value. In the case of SrGeO 3 , no lattice parameter is given in [9] , but an early experimental report indicates a lattice parameter of 3.796Å in the cubic perovskite structure [26] . Our theoretical value is 3.802Å, again in excellent agreement with experiment.
Band structures.
The electronic band structures of BaSnO 3 and SrGeO 3 are shown in figures 1(a) and (b), respectively. The band structure of BaSnO 3 has been reported a few times before, including an early calculation by Singh et al [27] , and a very recent calculation by Moreira et al [28] . These works, however, relied either on LDA exchange-correlation functional [27] , or the Perdew-Burke-Ernzerhof (PBE) functional [28] . Thus, they seriously underestimate the value of the fundamental gap. BaSnO 3 has an indirect fundamental gap, with the valence band maximum (VBM) at the R point, and the conduction band minimum (CBM) at the point. HSE06 (25%) predicts a value for the indirect gap of 2.6 eV, while the PBE value in [27] is 0.79, and 0.74 eV in [28] . There appears to be some uncertainty regarding the experimental value. Very recently, Kim et al reported an optically determined value of 2.95 eV [8] . A larger value, of 3.4 eV, was earlier reported by Shimizu et al [29] . The most often quoted optical absorption result seems to be that of Mizoguchi et al [30] , who reported a fundamental gap value of 3.1 eV. The HSE06 gap just mentioned is, thus, still ∼15% below the experimental value. This suggests that screening in the HSE06 approximation remains somewhat too strong, i.e., that the amount of exact (Hartree-Fock) exchange contributing to the short range exchange-correlation in HSE06 (25%) is too low. Thus, henceforth we use an optimized amount of exact exchange, such that the experimental gap value of 3.1 eV is reproduced. We find that the required amounts of exact exchange is 32.5%. The band plot in figure 1(a) corresponds to this choice. The lowest direct gap is at the point, with a value of 3.6 eV (compared with 3.1 eV for HSE06 (25%)).
As might be expected, and as can be seen in figure 1(b), the band structure of SrGeO 3 is rather similar to that of BaSnO 3 . To obtain the fundamental gap of 2.7 eV reported in [9] , we find that a hybrid functional with a 34.2% of exact exchange is required. The corresponding direct gap at is 3.4 eV (the HSE06 (25%) indirect and direct gaps are 2.0 and 2.7 eV, respectively). In [9] , Mizoguchi et al report also on electronic structure calculations using the PBE0 hybrid functional. In essence, the latter relies on a stronger contribution of exact exchange to the exchange-correlation potential than HSE06 (see, e.g., [25] ). The band structure reported by Mizoguchi et al is very close to our result in figure 1(b), and they also obtain an indirect gap of 2.7 eV.
The energy-momentum dispersion around the CBM determines the electron effective mass in the n-type doped systems. The effective mass is directly related to the carrier mobility, and is therefore an important quantity in TCOs. It was initially thought that the very high electron mobility observed in La-doped BaSnO 3 was due to a very low electron effective mass [7] . This was based on ab initio calculations by Moreira et al done with the PBE exchange-correlation functional. The value reported by these authors along the -X direction is 0.09 m e (with m e the bare electron mass) [28] . Although the PBE functional has often predicted effective masses with success in the past [31] , it appears to fail in the present case, giving too low effective mass values. Indeed, the value we find along the -X is 0.21 m e . However, this is still lower than the value estimated by Kim et al from the observed Burstein-Moss shift, which indicates an effective mass of 0.6 m e [8] . For comparison, we performed the calculation using the PBE functional as well, finding 0.12 m e , in rough agreement with [28] . We note that our result coincides with the value recently reported by Liu et al using the HSE06 functional [32] . Thus, the effective mass in BaSnO 3 appears to be comparable to the one in In 2 O 3 . On the other hand, the mobility in single-crystal La-doped BaSnO 3 is significantly higher than in tin-doped In 2 O 3 and other well known TCOs [7] . This suggests that the reason for the high mobility observed in [7] is not a particularly low effective mass, but a remarkably low scattering rate. More experimental and theoretical research is desirable for more insight on this point.
The electron effective mass in SrGeO 3 is here calculated to be 0.20 m e . This is rather close to the value of 0.3 m e assumed by Mizoguchi et al [9] . Again, we find that the PBE effective mass is considerably lower, with a value of 0.07 m e . Given our calculated effective mass, the zero-frequency optical conductivity reported in [9] for powder La-doped SrGeO 3 results in a mobility and a carrier density of 17.4 cm 2 V −1 s −1 and ∼1.5 × 10 20 cm −3 , respectively. These fall in the lower range of values for typical TCOs [17] . However, BaSnO 3 and SrGeO 3 are very similar from the point of view hybridization and bonding, i.e., both are covalent 'superdegenerate' structures [33, 9] (see discussion below). This hints at the possibility of achieving appreciably higher mobilities in La-doped SrGeO 3 single-crystals. Indeed, among the reasons advanced in [7] to try to explain the very high mobilities there reported, there is the fact that the dopants reside outside the SnO 6 octahedra (so, small disorder effects) and a reduced carrier scattering because of the high dielectric constant of BaSnO 3 (∼20) [7] . In La-doped SrGeO 3 , disorder effects should be equally small because the dopants reside outside the GeO 6 octahedra and, moreover, the dielectric constant of SrGeO 3 (∼100) [34] is much higher than that of BaSnO 3 .
Projected density of states.
Electronic density of states calculations were presented in [27, 28] for BaSnO 3 , and in [9] for SrGeO 3 . However, these works do not present a PDOS per atom type. These are of interest for the discussion below, and are presented in figures 2 and 3 for BaSnO 3 and SrGeO 3 , respectively. In BaSnO 3 , the valence bands are mainly composed of O 2p states, with a smaller contribution from Sn 5s and 5p, as well as Ba 5p and 5d states. The lower conduction band states originate mainly from Sn 5s, with contribution from Sn 5p and O 2p states at energies above the CBM. The CBM itself has Sn 5s character. This is in line with the picture of Mizoguchi et al, which these authors discuss in detail in [33] . Briefly, at the point, symmetry does not allow hybridization between the Sn 5s and O 2p states, which is allowed elsewhere and is antibonding in nature in the conduction band. At , the Sn 5s are thus nonbonding, and are therefore comparatively low in energy. This gives rise to the strong dispersion of the lowest conduction band around seen in figure 1(a) . The hybridization and bonding just described is referred to by Mizoguchi et al in their recent work on SrGeO 3 as 'superdegeneracy' [9] . As mentioned above, in this sense both BaSnO 3 and SrGeO 3 are superdegenerate systems. We discuss the latter case below. For reference in the next section, we also note that the Ba 5d and 6s levels in figure 2 appear only higher up in energy, several eV above the CBM.
The discussion of the PDOS of SrGeO 3 largely parallels the one above. The main contribution to the valence bands comes from O 2p states, with some contribution from Ge 4p and Sr 4p states, especially away from the VBM. The conduction bands mainly originate from Ge 4s states, with a contribution from Ge 4p as well as O 2p states a few eV above the CBM, the latter consisting of Ge 4s states. This can be explained following the same symmetry argument as in the case of BaSnO 3 [9] . The Sr 5d and 5s states only appear several eV above the CBM.
Defect formation energies and energy levels
Conductivity in La-doped, as well as O-deficient, BaSnO 3 has in fact already been discussed many years ago [35] [36] [37] . Substitutional doping with an aliovalent cation is typical in well known TCOs [38] . In the present case, however, substituting Ba with La or Y will not result in the dopant electrons going to empty Ba states. Indeed, as suggested by a comparison of Dirac-Fock atomic orbital energies (see figure 4) , it would be more advantageous for the La 6s and 5d (or Y 5s and 4d) electrons to try to move on to Sn 5s states rather than to Ba 6s or 5d states. The idea is supported by the PDOS plots in figure 2. Actually, this was already suggested by previous authors, both in La-doped [36] and in La-doped and O-deficient BaSnO 3 [37] . Nevertheless, whether these defects create states in the gap or are otherwise shallow donors remained to be confirmed. Another inconclusive point in these works is whether the doped electrons were itinerant or localized [36, 37] . Note, however, that the resistivities there reported are at least two orders of magnitude larger than in the most recent publications [7, 8] , which additionally report very high mobilities.
Similar comments apply to SrGeO 3 , where doping with La or Y will result in the donor electrons occupying the lower lying Ge 4s in the conduction band, as opposed to Sr 5d or 5s states (see figures 3 and 4) . The character of doped SrGeO 3 can be further expected to be analogous to that of BaSnO 3 , as suggested by the alignment of their branch-point energies (BPE) [41] . The position of the latter with respect to the band edges is expected to indicate whether a system will be easily doped n-or p-type. In figure 1(c) , the VBM and CBM energies of BaSnO 3 and SrGeO 3 are indicated with respect to their respective BPE. One can see that in both cases the BPE lies above the CBM, predicting indeed that both of them will be more easily doped n-type. 
Formation energies.
The formation energy of a defect X, in charge state q, in a bulk compound is given by [18] 
In the above, E tot [X q ] is the total energy of a supercell containing the defect and E tot [bulk] is the total energy of the defect-free system. n i is the number of atoms of type i added or removed from the supercell (n i < 0 if the atom is removed and n i > 0 if the atom is added), with μ i the corresponding chemical potential. E F is the electronic reservoir chemical potential (Fermi energy), measured with respect to the VBM, E v , of the undoped system. E F varies, thus, between zero and the indirect gap value. V aligns the potentials in the defect and perfect cells in a region far from the defect, where the potential is bulk-like; this aligns references of the eigenenergies of the doped and undoped systems [18] . We calculate V following the procedure introduced in [43] . Note that the potential alignment has been shown by Lyons et al to be an effective way to correct for finite supercell size effects on charged-state formation energies [44] .
Growth conditions and chemical potentials.
The values of the chemical potentials in equation (1) are subject to some limits on thermodynamic grounds. We write the chemical potentials as
is the chemical potential of the stable phase of element i, e.g., elemental solid for Ba and diatomic molecule for O. Thus one condition is that μ i ≤ 0. Then, to have a stable compound, e.g., BaSnO 3 , its heat of formation must verify
Finally, the chemical potential must be such that the segregation and precipitation of binary compounds is avoided. In the case of BaSnO 3 , these would be SnO 2 and BaO. Thus, one must have
. A similar reasoning applies to SrGeO 3 . The binary phases to avoid in that case are GeO 2 and SrO. The resulting accessible ranges of chemical potentials are given by the shaded areas in figures 5(a) and (b), for BaSnO 3 and SrGeO 3 , respectively 3 .
Defect levels.
We consider the defect formation energy of three types of point defects which are expected to be donors for each of the systems studied. For BaSnO 3 3 . This is in line with the expectations from the experimental findings mentioned above [7, 8, 36, 37] . Interestingly, V 2+ O is a shallow donor, but not V + O , which is deep. A similar 'negative-U' behavior is observed in ZnO (i.e., the 2+/0 transition level is higher in the gap compared to the +/0 level) [45] . This indicates that atomic relaxation is important for the stabilization of the different charged states. Thus, in the case of V 2+ O , it is strong enough that its formation energy at E F = 0 is sufficiently low with respect to the V + O case to make the oxygen vacancy a negative-U center (see discussion further down). The fact that oxygen vacancies may play a role in the conductivity of defect BaSnO 3 was pointed out previously [35, 37] , as already mentioned. Nevertheless, their formation energies are generally higher than those of the La and Y impurities, and in most cases probably contribute negligibly to conductivity. We note that the formation energies in figure 6 are very close to those for the same defect in a very recent publication [46] .
In SrGeO 3 , the defects considered are La Sr , Y Sr , and V O . The results are similar to those in the case of BaSnO 3 , as seen in figure 7 . The defects behave all as shallow donors, with no defect states within the gap. La + Sr and Y + Sr have low formation energies in all growth conditions, so it should also be easy to grow these defect systems. On the other hand, as in BaSnO 3 and as one may expect, the formation energies indicate that oxygen vacancies in O-rich conditions should be much less likely to form. An interesting difference with respect to BaSnO 3 , however, is that in SrGeO 3 the oxygen vacancy is a shallow donor in both the 1+ and 2+ states. Furthermore, it does not behave as a negative-U center. Indeed, the +/0 and 2+/0 transition levels virtually coincide. To understand the difference between BaSnO 3 and SrGeO 3 in this respect, we consider the distances between the oxygen vacancy and four of its nearest neighbors. These are shown in figure 8 . Table 1 indicates the change in distances, in per cent, with respect to the ideal cell, for both BaSnO 3 and SrGeO 3 . One can see that the strongest relaxation effect arises in the d 2 (oxygen vacancy to nearest oxygen) and d 3 (oxygen vacancy to Ge or Sn) distances. The former contracts, while the latter distends. Clearly, introducing a (neutral) oxygen vacancy causes a strong relaxation in SrGeO 3 , but a negligible one in BaSnO 3 . The stark contrast can be understood as due to the conjunction of the higher electronegativity and much lower mass of Ge compared to Sn 5 . On the other hand, the changes in d 2 3 .
The fact that in the charged states the effect is weaker in the latter compound can be due to its much stronger dielectric constant (i.e., much stronger screening), compared to that of BaSnO 3 (as mentioned above, ∼100 for the former [34] , and ∼20 for the latter [7] ). Thus, the lowering of the formation energy of the V 2+ O defect in BaSnO 3 is stronger than in SrGeO 3 . This leads to the oxygen vacancy being a negative-U center in the former but not in the latter.
Summary
Following the recent reports on the TCO nature of La-doped BaSnO 3 [7, 8] and SrGeO 3 [9] , we present an ab initio study of the electronic structure of these materials and of the formation energies of various suitable point defects. We show that substitutional La and Y (i.e., substituting Ba and Sr) are shallow donors. These prefer the 1+ charge state and have rather low formation energy within all equilibrium growth conditions. Oxygen vacancies behave as shallow donors as well, preferring the 2+ charge state. However, these vacancies have a relatively higher formation energy, therefore having a limited contribution to conductivity in all cases. Finally, the calculated electron effective mass in BaSnO 3 , with a value of 0.21 m e , indicates that the very high mobility reported in [7] is due to an unusually low scattering rate. More experimental and theoretical research is required in this respect. On the other hand, the calculated effective mass in SrGeO 3 is such that its carrier concentration and mobility in polycrystalline samples are in the lower range of the values of other known TCOs.
